ABSTRACT We define matching between ventricle and afterload to imply that the ventricle is adapted to its afterload to yield maximum external work output. For the ventricle, this optimal adaption will depend on end-diastolic dimension, heart rate, and contractility. Because contractility is impaired during ventricular failure, we propose that the adaption between ventricle and load is not as good during failure as during normal conditions. According to our definition, this implies that during failure external work output is less than maximum. Ventricle-load matching is then not present, i.e., a mismatch exists between ventricle and load. This hypothesis was tested in a canine preparation in which arterial load of the left ventricle was varied from one beat to the next. Left ventricular depression was induced by injections of 50 ,gm microspheres into the left coronary bed. We observed left ventricular stroke volume and external work during afterload variations at three different preload levels before and after microembolization. Before embolization the control observations of work and stroke volume were positioned at the apex of parabolas relating work to stroke volume. After embolization, however, control observations fell down along the left limb of the parabolas. These observations were independent of preload. Thus this study, carried out in a preparation with the heart in situ, supports the idea that the normal left ventricle is matched to its load and demonstrates ventricle-load mismatch when the left ventricle is failing. Circulation 73, No. 1, 161-171, 1986. ROSS' proposed that in the normal heart a matching exists between the ventricle and arterial load, which is disturbed when the heart fails, i.e., that a state of mismatch characterizes the relationship between pump and load during heart failure. Ross, however, used the terms "match" and "mismatch" in a rather intuitive manner. We suggest a matching concept derived from the work characteristics of a general power generator that liberates a fixed amount of total energy. In such a generator the relationship between load and external work describes a concave curve. The generator is said to be matched to a given load if the generator performs a maximal amount of external work against that load. 
ROSS' proposed that in the normal heart a matching exists between the ventricle and arterial load, which is disturbed when the heart fails, i.e., that a state of mismatch characterizes the relationship between pump and load during heart failure. Ross, however, used the terms "match" and "mismatch" in a rather intuitive manner. We suggest a matching concept derived from the work characteristics of a general power generator that liberates a fixed amount of total energy. In such a generator the relationship between load and external work describes a concave curve. The generator is said to be matched to a given load if the generator performs a maximal amount of external work against that load.
The observations of Wilcken et al.2 demonstrated that external work from an unimpaired left ventricle decreased both during increments and decrements of arterial load, giving an impression that the normal ventricle operates at the peak of a concave work-load relationship curve. This relationship has been further examined in isolated heart preparations, and the results have substantiated the concept of matching between ventricle and arterial load as a fundamental characteristic of the normal right and left ventricles. 36 To investigate this hypothesis in a more intact preparation, we performed experiments in dogs in which afterload was changed stepwise from one beat to the next. By this procedure we obtained pairs of left ventricular beats with different afterloads but with equal end-diastolic dimension, cycle length, and contractility. By a microembolization technique, selective left ventricular pump depression could be induced, permitting recordings of the relationship between work and load during reduced left ventricular performance.
Theoretical considerations. The relationship between end-systolic ventricular pressure (1) where ESP is end-systolic pressure and ESV is end-systolic volume. ESV is equal to the difference between end-diastolic volume (EDV) The two electromagnetic valves controlling aortic balloon inflation and aortic blood drainage were synchronized with the pacing pulse and also with the recording system. The instant of opening of either of the two valves was set to 15 msec after aortic valve closure determined from the aortic flow recording. This arrangement made stepwise beat-to-beat increases and decreases of arterial load possible. A schematic drawing of the experimental arrangement is shown in figure 1 .
Left ventricular depression was obtained by microembolization of the left coronary bed according to the method of Smiseth and Mj0s. 12 Polystyrene microspheres of 50 ,um diameter (3M Co., St. Paul, MN) were diluted in dextran (l mg/ml) and injected through a catheter introduced through the right femoral artery and placed in the ostium of the left coronary artery. Bolus injections of 5 to 10 ml every 3 to 5 min caused stepwise enddiastolic left ventricular dimension and pressure increments. pressure, and flow could be observed over a broad range of arterial load during a constant setting of end-diastolic dimension, contractility, and heart rate.
When these three series of registrations were completed, the microembolization of the left coronary bed was performed. The preparation was then allowed to stabilize before right atrial pressure was adjusted to the same three levels as before the embolization and the protocol was repeated. Thus three new measurements of left ventricular pressure, aortic pressure, and flow could be obtained during depressed ventricular performance.
Data processing. The data stored on magnetic disks were analyzed by a digital computer (ND 10/S, Norsk Data, Oslo, Norway). We focused on the last beat before either of the two valves were opened (control beat) and on the next beat, i.e., the first beat after valve opening (intervention beat). With constant end-diastolic dimension we could arbitrarily set end-diastolic volume to 60 ml in all experimental settings and calculate an estimate of end-systolic volume as 60 ml minus stroke volume. By this technique we could plot left ventricular pressure-volume loops at each level of right atrial pressure without exact knowledge of actual end-diastolic volume. Through a computer algorithm we determined end-systolic pressure and volume according to the method of Suga and Sagawa.7 Mean systolic left ventricular pressure was defined as mean left ventricular pressure in the interval of positive aortic flow. Maximal rise of left ventricular pressure (dp/dt) was calculated by a five-point formula. 13 Left ventricular work was determined as the area of the left ventricular pressure-volume loop. Stroke volume was calculated by integration of the flow signal. The relationship between afterload and external work could then be obtained as plots of work vs stroke volume (see above).
Statistical analysis. To compute correlations between enddiastolic data, Pearson product moment correlation was used. By the embolization we intentionally altered the mechanical properties of the myocardium. The data collected before and after this procedure were thus separately analyzed and paired Student's t test was used to compare the effects of the embolization.
Disregarding random errors the simultaneous observations of work (y) and stroke volume (x) should fit the general parabolic equation y = a + bx +cx2 (6) where a = 0 and c < 0.
If the control observations of work and stroke volume operated at the top a concave parabola, work would be almost unchanged at minor variations of stroke volume. Therefore even modest scatter of observed work and stroke volume could induce significant skewness of the parabola if the suggested regression equation was fitted to observations from both control and intervention beats. To minimize such effects we normalized the observations by setting work and stroke volume in all control beats to 100% and expressing the observations during the next beat as percentage of the control observations.
A least-squares regression analysis of work on stroke volume was done according to equation 6 (see above). A value of "a" different from zero indicated that the relationship between work and stroke volume was not identical to that described in equation 6. Therefore a test of a = 0 was performed in each regression analysis (see below). To describe the curve tracing near the origin we calculated the curve intercepts with work and stroke volume axes in that region.
Because the control observations of work and stroke volume were both set to 100%, the regression curve had to pass through that point. Hence 100 = a + blO0 + c1002. By substituting a = 100 bIO-cl002inequation6,y = 100 + b(x 100) + c(x2 1002). Letting t x 100, then: y 100 + mt +nt (7) where Testing in each case whether the control point and the top point of the regression curve coincided was possible by t statistics to determine whether m 0. The variance of m was obtained in the regression analysis. Simultaneous significance level for these tests was obtained by the Bonferroni method.
We further investigated whether the true value of m for the population, from which the animals were taken, equaled zero. This was done both before and after the microembolization for each level of right atrial pressure as described in Appendix. These procedures were also used when a = 0 was tested in the different experiments and in the group as a whole.
To be able to compare the effects of preload changes and microembolization, we used as a yardstick the control observations at a right atrial pressure of 5 mm Hg before embolization and normalized the control situations at the other preload levels before and after embolization to these observations. Then the observations and the regression parabolas from different levels of right atrial pressure, before and after embolization, could be plotted in the same frames.
Results
Effects of aortic balloon inflation and aortic blood drainage are shown in figure 2 . Because of the sudden interventions, aortic pressure markedly changed from one beat to the next without influencing left ventricular end-diastolic dimension and pressure (table 1). Table 1 further shows the minor difference between end-systolic pressure and systolic pressure, justifying the substitution end-systolic pressure = systolic left ventricular pressure (see above).
The upper panel of figure 3 shows the observations of work and stroke volume from three experiments before embolization at a right atrial pressure of 5 mm Hg. It is apparent that the observations from the control beats are gathered above the observations obtained Data from eight experiments (443 pairs of intervention and control beats and 443 control beats, respectively), expressed as mean ± SEM. EDD = end-diastolic diameter; EDP = end-diastolic pressure; ESP = end-systolic pressure; SLVP = mean systolic left ventricular pressure; i = intervention beat; c -control beat.
during increased and decreased arterial load. The scatter is minimized by normalization (see Methods), and the lower panel of figure 3 displays the normalized observations between work and stroke volume from the same three experiments. These normalized data are used in the regression analysis, and the curves in the lower panel of figure 3 represent the graphs of the least-squares regression equations. (table 2) shows that the coordinates of the top point of the regression curves do not significantly deviate from coordinates of the control points in five of seven experiments. In the other two experiments the absolute coordinate differences between these points are small, and when the true value of m of the population is evaluated, no significant difference from zero is found (table 2) .
In figure 4 we have normalized data of stroke volume and work and corresponding regression curves at all levels of right atrial pressure. Table 2 shows that at right atrial pressures of 10 and 15 mm Hg, no significant difference was found between the top points of the regression curves and the corresponding control points in any experiment.
These findings indicate that in the normal left ventricle there is no difference between observed normalized values of work and stroke volume and the maximum point of the corresponding regression parabolas at right atrial pressures of 5, 10, or 15 mm Hg. This shows that an optimal matching exists and that this matching is independent of preload. However, in the matched condition, the values of stroke volume and work increase when preload increases, as seen by the shifts of the curve maxima upwards and to the right in figure 4 .
The calculated values of the intercepts of the workstroke volume relationship curve with the work and stroke volume axes are presented in table 3. According to the presented hypothesis, these values should not differ from zero, but tests of a = 0 demonstrated that, before embolization, the regression curves in all cases significantly deviated from the origin. This was also found when the true value of "a" was evaluated. Table 4 shows the results of the microembolization of the left coronary bed. Mean aortic pressure and left ventricular pressure decreased significantly, left ventricular end-diastolic pressure and diameter increased, but these changes were not significant at all levels of preload ( from zero at all levels of preload. The difference between the coordinates of the maximum point and the control point was also significantly greater after embolization than before (table 2) . Thus, according to our definition, a mismatch between afterload and ventricular work is established after embolization and this mismatch is not affected by preload changes.
The calculated intercepts with the work and stroke volume axes after embolization are presented in table 6 . Tests of a = 0 showed that in only one case did the curve tracing deviate significantly from the origin. Figure 6 shows regression curves from one experiment at three levels of right atrial pressure both before and after embolization. The curves obtained after embolization are shifted downward to the right as compared with the corresponding curves before embolization. This is evident in all experiments, indicating the depression of performance at similar levels of right atrial pressure.
Discussion
Our figure 6 by the shift of observed work and stroke volume upwards and to the right both before and after embolization. However, the position of work and stroke volume in relation to the top of the curves was not affected. Hence the presented method to characterize heart performance is independent of preload.
The theoretical considerations of this study leading to the assumed parabolic relationship between work and stroke volume are based on the assumption of linear end-systolic pressure-volume relations, as suggested by Suga and Sagawa.7 The present observations of stroke volume and work are, however, independent of this assumption. Because these observations corroborate the theoretical considerations, they also support the idea that the end-systolic pressure-volume coordinates obtained from an ejecting left ventricle in situ describe a straight line. '8 It has been difficult to define end-systolic pressure in the intact heart, and various approximations have been presented. 19 20 This study demonstrates that mean left ventricular pressure during systole is only slightly less than end-systolic pressure, about 1% to 3%. The substitution in equation 3 is therefore reasonable.
In the present study an unambiguous representation of arterial load was difficult to obtain because aortic pressure was suddenly changed from one beat to the next and because the beats just before (control beat) and just after the pressure change (intervention beat) were of central interest. During the intervention beat an analysis of the pressure and flow pulse would be uncertain. Therefore arterial input impedance could not be used to express afterload2' during the intervention beat. We have shown that it is arbitrary whether external work is related to the arterial load or to stroke volume when preload, cycle length, and contractility are fixed and therefore we expressed afterload by its end-result stroke volume.
The presented relationship between work and load assumes fixed settings of end-diastolic dimension, contractility, and heart rate. Heart rate was under complete control because the sinus node activity was obliterated, and only sequences with a regular pacing rhythm were analyzed. According to the Anrep effect, contractility is influenced by pressure load. In this study the pericardium was loosely readapted after the surgical procedure. This was done to make the experimental situation as realistic as possible, since the pericardium influences ventricular performance more than previously recognized. 25 29 The lack of a significant increase of end-diastolic diameter at a right atrial pressure of 15 mm Hg was most probably due to pericardial constraint.
The regression curves deviated from the origin in the nonembolized heart, but after embolization no significant difference was found. This observation can be explained as follows. Before embolization most of the observations were clustered at the top of the curves, and the course of the limbs of the parabola became uncertain. During left ventricular depression, however, the observations were spread out along the whole left limb of the regression curve, and thus the course of at least the left limb of the curves became more accurately estimated. The main information contained in these curves, however, was not influenced by this uncertainty in the work and stroke volume intercepts because the difference between the working positions of work and stroke volume along the regression curves, during normal and reduced left ventricular performance, could be readily detected.
The mechanisms behind afterload-reducing therapy have been explained within the framework of the variable elastance model.30 Reduced Eniax during pump failure implies that a minor reduction of pressure will effect a much greater change of stroke volume during failure than during normal performance. The same effects were also demonstrated in the present frame for description of ventricular performance. During left ventricular failure a sudden reduction of aortic pressure before ejection increased both work and stroke volume. The coordinates moved toward the top of the regression curve along the left limb. This part of the parabola is not far from being a linear curve directed upward to the right. Consequently, one may roughly state that during short-term left ventricular failure a linear relationship exists between stroke volume and load with systolic driving pressure as linear coefficient, since driving pressure times stroke volume is work. This implies that an increase of stroke volume is possible with only a minor change of driving pressure. We can further conclude that during left ventricular failure the pump operates more or less as a pressure pump, since conservation of an adequate mean aortic pressure takes precedence over flow output.
During normal left ventricular performance a reduction of aortic pressure will still effect an increase of stroke volume, but work will decrease because the work-stroke volume relationship starts to move down along the right limb of the regression curve. This indicates that the driving pressure must be reduced and that this reduction must be greater than the increase of stroke volume because work decreases. Hence mean aortic pressure during systole must decline.
These considerations are in agreement with observations obtained during afterload-reducing therapy in man. 30 When left ventricular failure is present in man, stroke volume increases and mean aortic pressure is almost unchanged. However, when normal left ventricular performance is present, the increase of stroke volume is overshadowed by a decrease of aortic pressure.
Because end-systolic dimensions are only to a moderate extent directly affected by end-diastolic dimensions,31-3 lines drawn through the observed work and stroke volume before and after embolization, respectively, will mimic Starling function graphs with stroke volume as end-diastolic dimension and work as performance (figure 6). The main difference from true Starling curves is that pressure load has not been kept constant. 22 The line through the plotted values after embolization is shifted downward to the right and is less steep than the corresponding line obtained before embolization ( figure 6 ). This finding is in harmony with what a plot of two Starling function graphs with different contractility should demonstrate. The presented work-stroke volume frame for describing left ventricular performance is therefore able to merge information obtained from the well-known Starling function graphs with that obtained from the end-systolic pressure-volume relationship.
However, the applicability of a work-stroke volume graph differs from both the Starling function graph and the end-systolic pressure-volume relationship. The Starling graph does not contain any information that characterizes the actual performance of a single left ventricle in relation to the same ventricle. When such an evaluation is to be done from a Starling graph, indexes created as mean values from many different hearts must be used. The same is true for the endsystolic pressure-volume relationship. In the present framework each heart can be independently evaluated. If minor increases of pressure load do not influence extemal work, this indicates a work-stroke volume relationship operating near the top of the curve. However, if the opposite is true, this indicates that the ventricle is failing and that a cardiovascular situation is present in which the heart has given priority to pressure generation over flow output.
Our results demonstrate how the pump function of 
